Abstract: We demonstrated 1175-nm acousto-optic (A-O) Q-switched self-Raman laser performance of a-cut and c-cut mixed vanadate crystals, Nd:Lu 0:1 Y 0:9 VO 4 , for the first time.
Introduction
Stimulated Raman scattering (SRS) is one of the most efficient methods to generate new wavelengths based on third-order nonlinear optical process [1] . For a self-Raman laser crystal, Raman gain coefficient, pulse performance, and thermal conductivity are the three dominating factors for the self-Raman pulse laser [2] . Owing to Raman frequency shift vibration of the tetrahedral VO 3À 4 ionic groups [3] , vanadate crystals have been extensively used for the Raman gain medium [4] , [5] . However, big stimulated emission cross section makes Nd-doped vanadate crystal have a poor energy storage capability and limits its application in the pulse self-Raman laser. In order to overcome this shortcoming, c-cut crystals with small stimulated emission cross section and larger energy storage capability were used in the Q-switched self-Raman laser and exhibited excellent performance, such as 7.2-J 710-ps diode-pumped passively Q-switched c-cut Nd:YVO 4 =Cr 4þ : YAG self-stimulated Raman laser [6] , 6.3-J 750-ps c-cut Nd:GdVO 4 =Cr 4þ :YAG self-Raman laser [7] , and 45.5-J 9.6-ns actively Q-switched c-cut Nd:YVO 4 self-Raman laser [8] . In addition, due to inhomogeneous broadening of fluorescence lines, the Nd-doped mixed vanadate crystals have been demonstrated excellent pulse performance [9] - [11] . In 2004, the Nd:Gd x Y 1Àx VO 4 crystals with good passively Q-switched self-Raman laser properties had been investigated [12] . However, serious thermal effect caused by the laser and self-Raman process still is a challenge to scale up self-Raman laser performance [13] . According to the thermal modeling of end-pumped solid-state laser, the thermal focal length depends on the square of the pump beam radius [14] . Therefore, under the premise of an acceptable pump beam for laser beam mode matching, the pump beam size should be as larger as possible.
In this paper, combining the advantages of the c-cut orientation and the mixed vanadate crystal, we report the self-Raman characteristics of c-cut Nd:Lu 0:1 Y 0:9 VO 4 crystal for the first time. With a pump beam radius of 800 m, the thermal effect was effectively mitigated. The maximum average output powers and the conversion efficiencies were 1.85 W and 11.9% for a-cut crystal, and 1.52 W and 10.1% for c-cut one, respectively. The c-cut Nd:Lu 0:1 Y 0:9 VO 4 exhibited high pulse performance in A-O Q-switched self-Raman laser operation. At a pulse repetition frequency (PRF) of 15 kHz, the maximum pulse energy is 101 J, and the largest pulse peak power is 78 kW, which are obviously superior to the 68 J and 23 kW of the a-cut Nd:Lu 0:1 Y 0:9 VO 4 crystal. To the best of our knowledge, this is the highest single-pulse energy for LD pumped intracavity self-Raman laser.
Raman Spectrum
We measured the spontaneous Raman scattering of a-cut and c-cut Nd:Lu 0:1 Y 0:9 VO 4 crystals with the Z(XY)Z and X(ZZ)X configurations (the characters out of the bracket represent the propagated direction of pump light and Raman scattering light; the characters in the bracket represent the polarized direction of the pump light and Raman scattering light), and the spectrograms are shown in Fig. 1 . It is indicated that the most intense Raman peak occurs at 891 cm À1 for both samples, corresponding to the stretching optical vibration mode A 1g ð 1 Þ of the tetrahedral VO 3À 4 ionic groups. As a consequence, the first Stokes wavelength can be calculated to be 1175 nm for a fundamental wavelength of 1064 nm. The result is in good agreement with a measured laser wavelength of 1175 nm in the later laser experiment. At the same time, the intensity of the Raman peak at 891 cm À1 for a-cut crystal are stronger than that of c-cut crystal, which means a lower Raman threshold and bigger average output power of the Raman laser may be obtained with the a-cut sample.
Self-Raman Laser Experiment and Results
The laser configuration is shown in Fig. 2 . Two fiber-coupled laser-diode arrays were successively used as the pump source: one with 100-m fiber core radius (1#) and the other with 800-m fiber core radius (2#). The numerical apertures for both fibers were 0.22. To avoid enlarging the divergent angle and to increase coupling efficiency, we used a focus system with nominal transfer multiple of 1 : 1. Thus, the waist radii of the pump spot on the laser crystal were estimated to be IEEE Photonics Journal Q-Switched Nd:Lu 0:1 Y 0:9 VO 4 Self-Raman Laser 100 m and 800 m, respectively. The coupling efficiency was measured to be 80% and 86%, respectively. The input mirror is a flat mirror, which has high-transmission (HT) film at 808 nm on one face, and high-reflection (HR) films at 1064 nm and 1176 nm on the other face. M2 is the output mirror with a curvature radius of 250 mm, which was coated for HR at 1064 nm and for partial reflection (PR) at 1176 nm ðR ¼ 95:6%Þ. The A-O Q-switch is 30 mm in length with HT coating at 1064 nm on both of end faces, and its repetition rate could be modulated from 1 to 100 kHz continuously. A-cut and c-cut Nd:Lu 0:1 Y 0:9 VO 4 crystals were used as the self-Raman laser mediums with dimensions of 3 Â 3 Â 10 mm 3 . The two end faces were polished and antireflection (AR) coated at 808 nm, 1064 nm, and 1176 nm. The average output power was measured by an energy/power meter (EPM 2000, Molectron Inc.). The temporal behaviors of the Q-switched laser were recorded by a DPO7104 digital oscilloscope (1-GHz bandwidth and 10-Gs/s sampling rate, Tektronix Inc.). The spectral information of the self-Raman laser was measured by an optical spectrum analyzer (Advantest Q8384). To remove the heat generated under high pump power levels, the laser crystal was wrapped with indium foil and mounted in a water-cooled copper block, and the A-O Q-switch was mounted on another water-cooled copper block. The temperature of cooling water was controlled at 20 C. First, we used 1# pump source to run the laser operation with a cavity length of 5.5 cm. According to a previous study [4] , with the increasing of the Q-switch PRF, the threshold pump power of the stimulated Raman laser will also increase. However, a much lower PRF such as 10 kHz will bring a large diffraction loss, which causes poor output power. Here, we choose 15 and 30 kHz to run the experiment. The average output powers of the a-cut and c-cut crystals were shown in Fig. 3 . For the tetragonal system, the stimulated emission cross section parallel to the c-axis is several times higher than that perpendicular to the c-axis [7] . Therefore, the a-cut crystal with a bigger stimulated emission cross section exhibited a much lower laser threshold than the c-cut sample at the same repeat frequency. In our paper, the output power got saturation when the absorbed pump power was about 10 W for a-cut crystal and 9 W for c-cut crystal, which was mainly caused by the serious thermal effects. In order to relieve the thermal effects and optimize the pulse performance, 2# pump source with the fiber radius of 800 m was used to perform the Raman laser experiment. We found that the self-Raman laser performance differs greatly with the different radius of the pump light, as shown in Fig. 4 ; the threshold under the 2# pump source was much larger than 1#. But the maximum average output power and the conversion efficiency have shown significant improvement. When a smaller pump radius is used, the higher pump intensity made it easy to overcome the laser loss and have a lower pump threshold. However, serious thermal effect resulted in earlier saturation effect, limiting the output power and conversion efficiency. For the a-cut crystal, the maximum average output power of 1.85 W and conversion efficiency of 11.9% are obtained when the PRF was 30 kHz. They are higher than the best results from the c-cut sample, i.e., 1.52 W and 10.1% obtained at a PRF of 15 kHz. According to [14] , the thermal focal length of the crystal is proportional to the square of the w p (the radius of the pump light). In self-Raman laser operation, the thermal lens effect was caused by laser and Raman process. Thus, the thermal focal length f can be written as
where K c ¼ 5:41 W/Mk [11] is the thermal conductivity, dn=dT is temperature changing of refractive index, is the absorb coefficient of the crystal, l ¼ 10 mm is the crystal length, P in is the incident pump power, and P abs is the absorbed power (p 1 abs is the absorbed power to the pump light, and p 2 abs is the absorbed power to the fundamental laser). p , L , and R are the wavelengths of the pump light, fundamental laser, and Raman laser, respectively. Here, we assume 1 ¼ 2 ¼ and % 6% is the intracavity loss. Fig. 5 shows the calculated result of the c-cut crystal at the PRF of 15 kHz. It is obvious that the thermal lens effects of the sample with 1# pump source is much serious than 2#.
Based on the theory analysis [4] , the serious thermal effect in the self-Raman medium can cause IEEE Photonics Journal Q-Switched Nd:Lu 0:1 Y 0:9 VO 4 Self-Raman Laser the line-width broadening of the Raman mode to suppress the Raman gain coefficient. Therefore, it is the reason that the Raman conversion efficiency of the 2# pump source is much higher than the 1# pump source. Compared with the PRF of 30 kHz, both samples demonstrate much better pulse characteristics at 15-kHz PRF. Figs. 6 and 7 show the variation of self-Raman pulse characteristics at 1175 nm versus the absorbed pump power. For the c-cut crystal, the maximum single pulse energy is 101 J, the shortest pulsewidth is 1.3 ns, and the maximum peak power is 78 kW. The results are much better than those of the a-cut sample (i.e., 68 J, 2.9 ns, and 23 kW). It can be attributed to the small stimulated emission cross section and high energy storage ability of the c-cut Nd:Lu 0:1 Y 0:9 VO 4 . Therefore, the c-cut Nd:Lu 0:1 Y 0:9 VO 4 crystal is more appropriate than the a-cut crystal for the selfstimulated pulse Raman laser operation. At the same time, the overall pulse properties of self- 
Conclusion
In conclusion, the A-O Q-switched self-Raman laser has been demonstrated with a-cut and c-cut Nd:Lu 0:1 Y 0:9 VO 4 crystals for the first time. Two pump sources with different fiber core radius were successively used in our experiments. The thermal effect was effectively mitigated by using the pump source with a fiber core radius of 800 m. The maximum average output powers of a-cut and c-cut samples are 1.85 W and 1.52 W, corresponding to conversion efficiencies of 11.9% and 10.1%, respectively. In our experiments, the c-cut crystal exhibited better pulse characteristics than the a-cut sample, which can be attributed to the bigger energy storage capability. When the PRF was 15 kHz, the maximum single pulse energy of the 1175-nm Raman laser was 101 J, and the shortest pulsewidth was 1.3 ns, corresponding to a maximum peak power of 78 kW. To the best of our knowledge, it is the biggest single pulse energy obtained from an intracavity self-Raman laser. In summary, this paper has demonstrated that the c-cut Nd-doped mixed vanadate crystal is an excellent self-Raman laser medium for high pulse performance. The serious thermal lens effect, which was caused by the small thermal conductivity and the absorptions to the pump power, as well as the fundamental laser power, can be relieved by enlarging the pump light radius suitably. 
